Abstract. The intensive development of urban areas results in the sealing of increasingly large areas. In such conditions the existing sewer systems are quite often unable to simultaneously collect sewage along with the additional volume of rainwater. These systems require control of the hydraulic parameters in order to recognize the hydraulic conditions that occur in different operational states. Nowadays, such control may be exercised through the use of models that are capable of prediction as a result of the process of learning from a database of historical events. The study presents the possibilities of using Artificial Neural Networks (ANNs) for the analyses of the time series of waste-water depth and flows in a combined sewer system. The measurement campaign organized in Wrocław (Poland) enabled obtaining data on the hydraulic parameters of the flow of sewage in the sewer systems, and rainfall of various characteristics. The test results demonstrate that algorithms of the MLP (Multi-Layered Perceptron) Artificial Neural Network may be implemented to predict the flow rate in the system. The method presented in the paper may be applied to the daily operation of sewer systems to predict transient flows. The obtained results demonstrate a good and very good accuracy of prediction model.
Introduction
Management of urban combined sewer systems, whose task is to collect and transport both municipal sewage and rainwater, is becoming a challenge for the waterworks and sewage sector. Networks located in sealed catchments of urban areas are exposed to significant hydraulic loads, resulting from a large volume of rainwater runoff flowing into the sewer systems during rainfall. In such conditions, so-called flash floods are becoming increasingly frequent. They result in outflows from the sewer system and flooding, contributing to numerous social, economic and property losses [1] . Observation of these types of phenomena and the increasing frequency of their occurrence in recent years force us to continuously improve the methods of predicting changes in the hydraulic parameters in sewage systems. In such a situation, a method based on a traditional approach and the use of nomograms or hydraulic efficiency diagrams of sewers (so called efficiency curves) to determine the rate of flow and sewage depth in pipes is insufficient. The non-linear dependence between the inflow and outflow in the sewer also makes it more difficult to formulate a description of the phenomenon with the use of mathematical models based on fundamental laws of physics [2] . Even if such mathematical model exists, it is not always possible to draw conclusions on how to manage the facility to achieve the desired objective. In reality, the nature of flows in the system is non-determined and their changeability depends on the uneven discharge of municipal sewage and rainwater runoff. As far as the first ones are concerned, the dynamics of flow changes is relatively low. The highest differences in the flow of sewage and the depth of flow in sewers are noted during rainy weather, because it is the dynamics of rainfall and the resulting surface runoff with the transformation of the outflow wave in the sewer pipes that determine the transient runoff in sewer systems [3] .This issue becomes even more complex if we consider the changeability of flows in sewers of different cross-sections and during rainfall of various characteristics, i.e. rain depth, duration and intensity. In such situation, although it is necessary to maintain continuous control of the hydraulic parameters in sewers, it is very time-consuming and requires high expenditure. There is a need to search for models that would predict the values of time series in the future based on the knowledge of historical data.
Artificial Neural Networks (ANNs) are a tool that makes this possible. They enable the modelling of complex dependencies between inputs and outputs [4] . Known examples of using Artificial Neural Networks for predicting phenomena refer to these areas that may be characterized by a numerous time series. So far, ANNs have been used, among others, in predicting hydrological [5, 6] , meteorological [7] [8] [9] and economic phenomena [10, 11] and in solving various groundwater problems [12] . As far as predicting the operation of sewer networks in terms of the rainfall-discharge ratio is concerned, most publications are devoted to the presentation of the results of research on the application of Artificial Neural Networks for predicting the risk of Combined Sewer Overflow (CSO) and floods [1, [13] [14] . Only a few publications discuss the use of ANNs for simulating the amount of pollutants transported in sewer systems [2] . However, the potential for application of Artificial Neural Networks is much larger. The aim of this paper was to assess the possibility to apply Artificial Neural Networks for the analysis of time series of depth of flow and flow in the combined sewer network of a circular and horseshoe-shaped cross-section during rainfall events of various characteristics. This constituted the basis for determining the usability of MLP (Multi-Layer Perception) type networks for predicting the flow rate of wastewater in a sewer system based data concerning wastewater depth in sewers, obtained from sewer monitoring conducted by the Municipal Water and Sewage Company S.A. in Wroclaw (Poland).
Study area and data pre-processing
In order to assess the possibility of predicting the hydraulic parameters that exist inside a combined sewer system, five rainfall events of various natures that occurred in the period from June to September 2012 were selected. These events differed in terms of rainfall duration, intensity and rainfall depth. According to the characteristics of rainfall provided in the Chomicz scale they fell into the range of torrential rainfall and heavy rainfall with a short and long duration. Detailed information about these rainfall events is provided in Table 1 . In order to verify the hydraulic conditions of flow in sewers specifically for municipal sewage, the analysis also included two periods of dry weather. The sewers whose hydraulic parameters constituted the scope of research are located in the north-western part of the city of Wrocław. The first of them has a circular cross-section of a nominal diameter DN1800. The dimensions of the second, horseshoe-shaped sewer are 3500x2800 mm. The measurement interval was 5 minutes for hydraulic parameters existing in the sewer and 1 minute for rainfall recorded with use of a distrometer.
The implementation of calculation procedures in the form of Artificial Neural Networks was conducted with the use of Statistica 13.1 software. Overall, a total of seven models were created to predict the rate of wastewater flow for each of the sewers during individual rainfall events and dry weather periods. The time series of the flow rate in the sewer, being the values subject to prediction, were estimated based on the input data constituting the depth of flow for sewers.
The flow rate was predicted with the use of MLP networks with 6 input neurons, a changeable number of neurons in one perceptron layer and one output neuron. The input variables were the depths of wastewater in sewers 30 minutes before the predicted values constituting the output neuron (measurements 5, 10, 15, 20, 25 and 30 min. before the predicted value of flow rate). The Authors chose a random data sampling method. The data were divided into a train dataset of 70%, test dataset of 15% and validation dataset of 15%. The selected type of ANN was the one-directional, multi-layered MLP (Multi-Layered Perceptron) network. The Back Propagation network learning technique was used along with the BFGS (Broyden-Fletcher-Goldfarb-Shanno) algorithm.
The first stage of research consisted in checking whether there were any correlations between the parameters of specific rainfall events (or the lack thereof) and the operational status of combined sewer systems. The correlations between the rainfall depth, its average and maximum intensity and duration and the average flow rate inside the sewer were analyzed. In the second stage of the analyses, the time series of flow rate and depth of wastewater in the sewer (along with the assumed series of predictions) were implemented, respectively, as input and output data of the model created with the use of Artificial Neural Networks. The final step of the analyses conducted with the use of Artificial Neural Networks consisted in creating matrices of the correlation between the prediction accuracy provided by different models and the parameters of the selected rainfall events. The main aim of this stage of research was to find links between the correlation coefficient of the test dataset and the size of prediction errors and the nature of the selected rainfall events.
Results and discussion
The created correlation matrices constituted a basis for demonstrating a statistically significant correlation between the maximum and average flow rate in sewers and the rain depth. A lower, but still significant (0.756) correlation coefficient R was obtained for the correlation between average wastewater flow rate in sewer pipes and the duration of rainfall. On the other hand, the authors did not find a significant correlation between the average and maximum rainfall intensity and the flow rate in sewer pipes. Due to the fact that the dimensions of the analysed sewers are large, rain depth and duration have a stronger influence on the obtained flow rates in sewer pipes than rainfall intensity. However, the authors bear in mind that the available time series are too short to unambiguously underestimate the role of the influence of rainfall intensity on the wastewater flow rate in sewers. In Wrocław, an increasing tendency in rainfall intensity has been noted. This needs to be taken into account when designing drainage systems [15] . As a result, this issue will require a more in-depth analysis on an increased number of rainfall events in the future.
The results of the process of predicting the flow rate in sewer pipes based on the depth of wastewater level in the sewer are presented in Table 1 . The basic quality parameters of specific models of the analysed events for two selected cross-sections of pipes were also considered. In order to verify the accuracy of the obtained predictions, the correlation coefficients of the train, test and validation datasets were used, together with Mean Squared Error (MSE) and Mean Percentage Error (MPE). For all the rainfall events in the MLP network structure there were six neurons in the input layer and one neuron in the output layer. The number of neurons in the hidden layer is different, depending on which network achieved the best prediction accuracy. For torrential rainfall, both in circular and horseshoe-shaped sewers the hidden layer contained nine neurons, while in the remaining cases this number fluctuated from 3 to 10 neurons. The obtained coefficients of tests for all models showed nearly complete correlation between the observed and predicted parameters of wastewater flow rate in the sewer. However, this is not the ultimate factor determining the model accuracy. The Mean Squared Error demonstrates the difference in dm 3/ s between the estimated values and the estimator. It is noticeable that the highest differences occur for torrential rainfall in both cases of the analysed pipe cross-sections. This is mainly due to the disturbances in the flow rate/water depth ratio that results from the occurrence of turbulent flow inside the pipe and, quite often, the fact that the whole capacity of the pipe was occupied by rainwater, which eventually spilled over through manholes to the surface. The event of June 20-21 2012 is characterised not only by significant rain depth (35 mm) but also by a high maximum intensity (161.50 mm/h). Owing to this, it should be the subject of particular attention and the authors' plan to focus on it in future publications. MPE errors in most cases point to the underestimation of the selected models. According to the criteria adopted, among others, in research by Rogalska, Hajducki [16] the accuracy of predictions can be considered as accurate and good. Only the prediction for the torrential rain of June 20-21 should again be considered as not very accurate. Figure 1 present example of hydrographs of observed and predicted flow rates along with rainfall hyetograph for the circular shaped sewer pipe. For the circular sewer pipe, the rainfall event of 10-11/08/2012 was selected, i.e. a heavy rainfall with a long duration. A runoff delay of approx. 300 minutes between the highest rainfall depth and the maximum flow rate of wastewater in the sewer was noted. At the points of the highest flow rates (983 dm 3 /s and 861 dm 3 /s) the model is slightly underestimated. Considering the differences between the rainfall events, scatter plots and predicted flow rate values were created for selected rainfall events. Figure 2 shows as an example the distribution of values of these parameters for the circular sewer pipe. For the circular sewer pipe, during torrential and heavy rain with a long duration the best adjustment of the model is noted for flow rates that do not exceed 600 dm 3/ s. For higher values, the prediction is less precise. During heavy rain with a short duration, the scatter around simple regression is negligible. For dry weather period, when the flow rate is affected only by the inflow of municipal sewage, the most accurate adjustment of the estimated values to the estimator is observed for the flow rate range 200-300 dm 3/ s. Lower flow rate values were obtained during the night, when minimum night water demand is noted, resulting in Minimum Night Flow (MNF), which is also reflected in the sewer system. For the horseshoe-shaped sewer, the lowest scatter of points between the estimator and the estimated value is noticeable for heavy rainfall with a long duration. For torrential rain events, the best match was obtained for flow rates not exceeding 250 dm 3 /s. The dry weather period is characterized by the highest deviation from simple regression. This state should be confronted with the random nature of water consumption by users of the water supply network. However, for both the selected combined sewer pipes the scatter points lie along simple regression with small deviations, which finally results in a good and very good prediction accuracy.
The matrices of correlation between the prediction accuracy of individual models and the parameters of the selected rainfall events that were developed in order to find links between the correlation coefficient of the test dataset and the size of prediction errors and the nature of the selected rainfall events are presented in Table 2 . A statistically significant correlation was obtained between the rain depth and its maximum intensity and the Mean Squared Error (MSE). It was noted that the MSE error increases with the increase in rainfall depth. The value of the MPE error is also considerably affected by maximum rainfall intensity, although a negative correlation is noted here, i.e. the higher the intensity, the lower the MPE value. 
Conclusions
The efficiency of the functioning of combined sewer systems is influenced by the random nature of water consumption (and, as a consequence, of wastewater discharge) as well as by the hardly predictable nature of rainfall and additional operational factors, such as the influence of the operations of the pumping stations. Due to these variables, predicting the state and efficiency of the sewer system is a multi-criterial issue that is difficult to describe with the use of simple correlations. The results of the analysis of the operational efficiency of two combined sewer pipes, circular and horseshoe-shaped, during five selected rainfall events and two dry weather periods demonstrate that the algorithms of Artificial Neural Networks (ANNs) and, more specifically, a one-directional, multi-layered, MLP (MultiLayered Perceptron) type network may be implemented to predict the flow rates based on the data concerning the wastewater depth in sewers. The analysis demonstrated a statistically significant correlation between the obtained flow rates in sewer pipes and rainfall depth and duration. The models obtained with the use of ANNs show a good and very good accuracy of predictions for heavy rainfall with a short and long duration (MPE ranging from -4.67 to 1.85%). Less accurate predictions were obtained for the model of wastewater flow in sewer pipes during torrential rain with a long duration. The MPE for circular and horseshoe-shaped sewers was -5.52% and -5.96%, respectively. For all the created ANN models the coefficients of correlation of test datasets were not lower than 0.967.
Predicting the non-linear nature of wastewater flow in sewer systems has high potential, combined with saving time devoted to calculations in comparison to traditional, complex mathematical models. Another advantage is the potential possibility of limiting the costs of performing continuous measurements in sewer systems. The above benefits are a strong argument for the use of Artificial Neural Networks to predict the flow of wastewater in combined sewer systems. However, the application of ANNs does not mean completely neglecting the existing mathematical models or the numerical models that are increasingly commonly used for hydrodynamic simulations. Nowadays, numerical models should be used as the first step of verification and identifying the key points where potential operational problems may occur (e.g. flooding or an increased number of failures). In the next stage, these points should be marked as the locations for conducting measurement campaigns. Further on, the historical data from such campaigns should be used in the learning process of Artificial Neural Networks. The presented method of predicting the flow rates in sewers may be used by sewer system administrators in the daily operations of sewer networks, for example to recognize the hydraulic conditions that occur in varied operational states of the system, to assess the reliability of sewer facilities, to improve the efficiency of controlling the system during extreme rainfall events and to assess the influence of stormwater flows on the receiving water bodies.
